ABSTRACT: Acetabular and spino-pelvic (SP) morphological parameters are important determinants of hip joint dynamics. This prospective study aimed to determine whether acetabular and SP morphological differences exist between hips with and without cam morphology and between symptomatic and asymptomatic hips with cam morphology. A cohort of 67 patients/hips was studied. Hips were either asymptomatic with no cam (Controls, n ¼ 18), symptomatic with cam (n ¼ 26) or asymptomatic with cam (n ¼ 23). CT-based quantitative assessments of femoral, acetabular, pelvic, and spino-pelvic parameters were performed. Measurements were compared between controls and those with a cam deformity, as well as between the three groups. Morphological parameters that were independent predictors of a symptomatic cam were determined using a regression analysis. Hips with cam deformity had slightly smaller subtended angles superior-anteriorly (87˚vs. 84˚, p ¼ 0.04) and greater pelvic incidence (53˚vs. 48˚, p ¼ 0.003) compared to controls. Symptomatic cams had greater acetabular version (p < 0.01), greater subtended angles superiorly and superior-posteriorly (p ¼ 0.01), higher pelvic incidence (p ¼ 0.02), greater alpha angles and lower femoral neck-shaft angles compared to asymptomatic cams (p < 0.01) and controls (p < 0.01). The four predictors of symptomatic cam included antero-superior alpha angle, femoral neck-shaft angle, acetabular depth, and pelvic incidence. In conclusion, this study illustrates that symptomatic hips had a greater amount of supero-posterior coverage; which would be the contact area between a radial cam and the acetabulum, when the hip is flexed to 90˚. Furthermore, individuals with symptomatic cam morphology had greater PI. Acetabular-and SP parameters should be part of the radiological assessment of femoro-acetabular impingement. ß
Femoroacetabular impingement (FAI) is a dynamic process, leading to abnormal abutment between the femur and acetabulum. 1, 2 Abnormal morphological features of the femoral head-neck junction (e.g., cam 3, 4 ) and/or acetabulum (e.g., pincer 5 ) are considered the principal contributing factors. 6 The presence of a cam can predispose to osteoarthritis (OA), 4, 7 however not all hips with a cam are symptomatic, 8 nor develop degenerative changes. 9, 10 Therefore, other biological and/or mechanical factors contribute to the pathological process, among which may be acetabularand spinopelvic-anatomy. 11, 12 The assessment of bony morphology contributing to FAI has traditionally been made from a combination of radiographs, 13 which are however sensitive to variations in bony orientation at the time of image acquisition. 13, 14 Therefore, three-dimensional, multiplanar imaging modalities are considered more accurate assessment tools. [15] [16] [17] [18] This is particularly the case for the acetabulum, which is not hemispherical and has asymmetric succession of peaks and valleys around the rim contour 16, [19] [20] [21] The acetabular morphology and, in particular, the degree of femoral head coverage the acetabulum provides along different areas of its "clock-face" has been a matter of recent interest. Larson et al. 15 reported that in "normal/asymptomatic" hips the degree of femoral head coverage greatly varies and is significantly higher superiorly (67%), compared to anteriorly (38%). Cobb et al. 16 showed that the degree of femoral head coverage varies significantly between hips with symptomatic pincer-FAI, cam-FAI (c-FAI), and asymptomatic controls.
The hip joint however, does not act in isolation; the pelvis moves around the bicoxofemoral axis, leading to various amount of tilt in different functional positions. 22 Accordingly, the spino-pelvic (SP) morphology affects hip function and pathology. Pelvic tilt influences acetabular orientation, degree of femoral head coverage, and impingement-free range of movement (ROM). 23 In line with this, each individual is characterized by his/her pelvic incidence (PI). [24] [25] [26] [27] It has been postulated that higher PI is associated with increased risk of hip OA. 28 The impact of the acetabular-and SP-morphologies in cam-FAI (c-FAI) remains inadequately characterized. In this study, we aimed to (i) characterize the acetabular-and SP-morphologies in "normal" hips and those with cam morphology; and (ii) determine whether any such morphological differences exist between symptomatic and asymptomatic hips with cam morphology. In doing so, we aimed to determine whether detailed acetabular-or SP-parameters, should form an integral part of the radiological evaluation of patients presenting with a cam deformity, as part of the routine investigation of hip pain and c-FAI. 
METHODS
This is a retrospective analysis of a prospective, IRB approved, single center, cohort study. The subjects were recruited either from a previous study of 200 asymptomatic individuals, 8 or from a tertiary academic center, hip clinic, planned to undergo surgery for the treatment of symptomatic c-FAI. Exclusion criteria included neurological disorders, previous lower limb surgery or severe injury, and body mass index greater than 40 kg/m 2 . A power analysis was performed; the effect size was calculated by comparing Control and FAI subtended (83˚vs. 79˚) and PI (55˚vs. 49˚) angles from previous studies. 16, 29, 30 A cohort of 56 patients would be sufficient for adequate power (80%, a ¼ 0.05) to study both parameters.
The study cohort comprised of 67 patients/hips. All patients had completed Hip disability and Osteoarthritis Outcome Score (HOOS-WOMAC) questionnaires, in order to ascertain the extent of hip symptoms. Furthermore, all underwent a clinical examination of the hip and a CT scan to determine the presence or not of cam morphology. As described in previous analyses [31] [32] [33] subjects fell into one of the three groups: (i) participants without cam morphology and without any clinical signs/symptoms of hip pathology (Controls, n ¼ 18); (ii) participants with cam morphology and no clinical signs/symptoms (as per assessment, which included history, clinical examination, impingement tests and WOMAC > 85) of hip pathology (Asymptomatic-cams, n ¼ 26); and (iii) participants with cam morphology and the presence of clinical signs and symptoms, who underwent surgical intervention (Symptomatic-cams, n ¼ 23). The three groups had no gender, age, and weight differences (Table 1) .
CT-Based Measurements

CT-Scan Protocol
Each patient underwent a CT scan of the pelvis using either a Toshiba Acquilon (Toshiba Medical Systems Corporation, Otawara, Japan) or a GE Discovery CT750 (GE Healthcare, Milwaukee, WI). A detailed description of the protocols used for image acquisition has been previously described. 32, 33 Images were reconstructed using a bone algorithm, exported in DICOM format, and then imported into a specialized image analysis software program (ITK-Snap, v2.2, itksnap. org). The scan included the whole pelvis from L5 vertebrae to the lesser trochanter and the knee. Positioning of the patients in the scanner were standardized with no ab-/ duction and the patella facing upwards (leg internally rotated).
Acetabular Parameters
Each subject's acetabulum was segmented on CT images (Fig. 1) . In order to perform the required measurements, the Anterior Pelvic Plane (APP), the Acetabular Rim Plane (ARP), and Hip Joint Center (HJC) were defined. The APP was determined by fitting a plane through the left and right anterior superior iliac spines and the mid-point of the pubic tubercles. The angle between the APP and the horizontal was defined as the Anterior Pelvic Plane Angle (APPA). Furthermore, determination of the APP allowed us to determine Pelvic Rotation (PR) and Pelvic Obliquity (PO). The ARP was defined by selecting at least 30 points for each patient along the acetabular rim around its clock-face and calculating a least-squares best-fit plane based on these points as described by Lubovsky et al. 34 Acetabular inclination and version angles (as per ARP) were determined in relation to the APP in the anatomical co-ordinate. 35 The HJC was determined from a least squares best-fit sphere of the subchondral segmented acetabular surface. The radius of the sphere represented the size of the acetabulum. Acetabular depth (AD) was calculated as the perpendicular distance from the ARP to the acetabular bearing surface determined by the best-fit sphere.
Having determined the HJC, ARP, and rim points, we were able to determine the subtended angles around the acetabular clock-face, using a validated technique, previously described by Cobb et al. 16 In brief, a line drawn perpendicular to the ARP from the HJC to the acetabular center can be considered as the axis for the purposes of measuring the angular relationship with the acetabular rim (subtended angle, u). Therefore, a u greater than 90˚represents a rim point above the APR, while a u less than 90˚represents a rim point below the ARP. We thereafter determined the subtended angles around the weightbearing acetabular clock-face starting anteriorly, at right angles to the APP, equating to the 0˚orientation. Thereafter, the superior acetabular aspect is at the 90˚orientation and posterior acetabular rim is at 180˚. Subtended angle measurements reflect the degree of femoral head coverage provided by the acetabulum; the greater the acetabular subtended angle, the greater the degree of femoral head coverage.
Spino-Pelvic Parameters
The measurements of interest included Pelvic Incidence (PI), Sacral Slope (SS), and Spino-Pelvic Tilt (SPT) (Fig. 2) . To determine the PI, a method previously described was used. 25 Having determined both HJCs, a line connecting them represents the bicoxofemoral axis. The superior sacral endplate was identified. PI was measured as the angle between the bicoxofemoral axis and the vertical from the mid-point of the superior sacral end plate. Sacral slope was calculated as the angle between the sacral end plate and the horizontal. SPT was calculated as PIÀSS.
Femoral Parameters
Alpha angles were measured using previously described and validated techniques. [36] [37] [38] Alpha angles reported were those anteriorly and antero-superiorly plane (at 3:00 and 1:30 clock-face rotation about femoral neck, respectively). Alpha angles greater than 50.5˚(anteriorly) and/or greater than 60T (antero-superiorly) were considered as positive for cam morphology. 36 The femoral neck-shaft angle (FNSA), based on the corrected frontal plane, was calculated as the angle of intersection between the longitudinal femoral neck and shaft axes using a previously described technique. 31 Lastly, the femoral version was determined as the angle of intersection between the longitudinal femoral neck and intercondylar axis.
Intra-and Inter-Observer Reliability
Two observers (orthopaedic fellow and clinician scientist) blinded to patient identity performed all measurements. Excellent inter-observer coefficients (ICC) were identified (ICC: 0.9-0.95, p < 0.001). Furthermore, one observer repeated the measurements for 20 subjects and excellent ICC (0.93-0.98) were identified.
Analyses
The acetabular and spino-pelvic parameters were compared between Controls and those with cam morphology (Symptomatic and Asymptomatic). Furthermore, comparisons of these parameters were also made between Controls, Asymptomatic-cams, and Symptomatic-cams. Acetabular parameters tested included the following: Depth, inclination, version, and subtended angle at six locations along the weightbearing portion of the clock-face (anterior-to-superior-toposterior locations: 15˚, 45˚, 75˚, 105˚, 135˚, and 165˚). SpinoPelvic parameters included: PT pelvic rotation, obliquity, PI, SS, and SPT.
Statistics
Data analysis was performed using SPSS 21 software (IBM corporation, Armonk, NY). Non-parametric (Mann-Whitney U and Kruskal Wallis) tests were used for scale data. Chi-square test was used for categorical data. Correlations were tested using Spearman's rho. Morphological factors that were independent predictors of symptomatic c-FAI were determined using a stepwise linear regression analysis. A Receiver Operator Curve (ROC) analysis 39 was used to determine the specificity and sensitivity of these factors in predicting symptomatic c-FAI. Statistical significance was set at <0.05.
RESULTS
Acetabulum
Acetabular parameters of all hips are detailed in Table 2 . Smaller subtended angles superiorly were measured in hips with cam morphology (asymptomatic and symptomatic), compared to the controls ( 
Spino-Pelvic
Spino-pelvic parameters are detailed in Table 3 . Pelvic incidence weakly correlated with acetabular anteversion (rho ¼ 0.3, p ¼ 0.005). Hips with cam morphology had a greater amount of PI (54˚, SD:11) compared to Controls (48˚, SD:7) (p ¼ 0.027). No other Spino-Pelvic parameter measured was different between the Control and cam groups (Table 3) .
Femur
The cohort's mean anterior and antero-superior alpha angles were 52˚(SD:10) and 61˚(SD:10), respectively. The mean FNSA was 126˚(SD:3). FNSA was similar between controls (127˚, SD:2) and those with Cam morphology (126˚, SD:3) (p ¼ 0.07).
Intergroup Comparison
Symptomatic cams had higher acetabular anteversion (17˚, SD:6), compared to Controls (15˚, SD:8) and asymptomatic cams (11˚, SD:6) (p ¼ 0.01) ( Table 2 ). The subtended angle superiorly and supero-posteriorly was smaller among the asymptomatic cams compared to the controls and symptomatic cams (Fig. 4) ( Table 2) .
Symptomatic cams had significantly higher PI (58˚, SD:12) compared to controls (48˚, SD:7) and asymptomatic cams (51˚, SD:10) (p ¼ 0.008). Symptomatic cams had significantly higher SPT (10˚) compared to Controls (5˚) and asymptomatic cams (6˚) (p ¼ 0.04). Symptomatic cams had greater anterior and anterosuperior alpha-angle and lower FNSA compared to the Controls and asymptomatic cams ( Table 4) .
The four predictors in the stepwise linear regression analysis (adjusted Table 5) .
ROC results and optimum thresholds are provided in Figure 5 and Table 6 .
DISCUSSION
Since the original description of the patho-morphologies associated with FAI, gaining a better understanding as to what represents a normal variant versus a contributing pathological deformity has been an active area of research. 2, 40 One key area of active research is to elucidate how femoral and acetabular morphologies interact both from a static and dynamic viewpoint. These variables cannot be analyzed without integrating spino-pelvic parameters, [41] [42] [43] In this study, we were able to compare three groups, not only analyzing the presence or absence of cam morphology, but also whether hips with cam morphology were symptomatic or not. Significant differences in the acetabular morphology were evident between the symptomatic and asymptomatic cam groups. Individuals with cam morphology and hip pain had a greater amount of coverage superior-posteriorly; this would be the area of contact between a supero-anterior cam and the acetabulum when the hip is flexed to 90˚(impingement test). Hips with cam morphology (both symptomatic and asymptomatic) overall had slightly reduced acetabular subtended angles relative to the Controls. Furthermore, the findings of this study highlight the importance of the spino-pelvic morphology in individuals with c-FAI. Significant differences in both the fixed (PI) and dynamic (SPT) spino-pelvic parameters were detected between the groups, with individuals with symptomatic cam having greater values in both. In addition to the cam morphology, FNSA, and acetabular depth, these additional spino-pelvic parameters may allow clinicians to identify the "at-risk" hips (those with high PI and cam). Therefore, radiological assessment of FAI should include the sacrum and entire pelvis to allow for determination of these parameters. The increased SPT may reflect an attempt to tilt the pelvis in order to reduce anterior acetabular coverage.
Acetabular Differences
We found significant acetabular differences between the three groups; Symptomatic-cams had greater acetabular anteversion and greater superior-posterior and posterior subtended angles (between 105 and 165l ocus of the acetabular "clockface") compared to the Asymptomatic cams (Fig. 4) , that is, greater coverage. As there was no difference in the anterior subtended angles between the groups (Table 2), the difference in detected version is a consequence of the increased supero-posterior and posterior coverage in the Symptomatic-cams. Reviewing the subtended angles between the 135 and 165˚loci, there were no differences between Controls and Symptomatic-cams, whereas the angles were significantly smaller, that is, less coverage, allowing for greater arc of ROM prior to contact, in Asymptomatic cams. In this cohort, 38/48 subjects had cam morphology at the 1:30 position where the position of the femur corresponds to the 45å cetabular locus if APP is zero (Fig. 6) . The mean APPA in the supine position of our cohort was 7˚, therefore a cam deformity at the 1:30 position 46 (8) 43 (6) 47 (9) 0.09 43 (6) 46 (8) 48 (10) 0.2 % Sacral Slope/˚(mean/SD) 88 (12) 91 (10) 87 (12) 0.2 91 (10) 89 (12) 83 (12) 0.1 Spino-Pelvic Tilt/˚(mean/ SD) 7 (7) 5 (5) 8 (7) 0.2 5 (5) 6 (7) 10 (9) 0.04
12 (12) 9 (10) 13 (12) 0.2 9 (10) 10 (12) 17 (12) would correspond to the 52˚acetabular locus. With the patient supine, as when in the CT scanner, the typical impingement test occurs past 90 degrees flexion with some internal rotation. As the pelvis does not contribute in this movement arc, the actual contact of the 90f exed hip occurs between the cam deformity at the 1:30 position and the acetabulum at the 142( 52˚þ 90˚) locus. Degree of hip flexion is typically reduced in the symptomatic c-FAI hip with flexion ranging 97-111˚. 44, 45 Such movement arc would demonstrate impingement of the cam deformity at the 1:30 position with the acetabulum at the 149-163˚loci. This is also corresponds to the area of damage found at the time of surgery. 6, 46 The subtended angles data and comparisons also allow for some evidence-based guidelines in the treatment of symptomatic cam-type FAI. The subtended angles of the hips with cam morphology were overall similar compared to the Controls anteriorly.
Steppacher et al. 47 showed that hips which acetabular rim trimming had a higher risk of progression to arthritis. We would therefore recommend great caution in resecting the acetabular rim over this area as this would effectively decrease surface contact area increasing contact pressures as well as leading to instability. 16, 48 Spino-Pelvic Parameters Acetabular morphology should be considered in conjunction with the spino-pelvic parameters. In order to do so, the pelvic incidence (PI) was calculated, a highly specific characteristic of the pelvic ring, unique to each individual and independent of position. SS reflects the position of the lumbar spine since the sacrum forms the base of the spine; the greater the SS, the greater the degree of lordosis. SPT reflects the angle between gravity line and bicoxofemoral axis; the greater the SPT the more covered the femoral head posteriorly by Figure 5 . ROC analysis output, color coded for the five parameters tested.
ACETABULAR AND SPINOPELVIC MORPHOLOGY IN FAI the tilted acetabulum. Since PI is fixed for a given subject the sum of SPT and SS is invariable, as one increases the other decreases. Sacral slope varies greatly with posture; it is greatest when supine, reduces when standing, and is smallest when seated. This reduction in SS, with the accompanying increase in pelvic tilt, is beneficiary to the hip joint as it effectively reduces femoral head coverage anteriorly allowing for greater impingement-free hip flexion. Subjects with small PI have little ability to compensate through pelvic movement, as the ability to alter SPT is reduced. 11, 12 In subjects with elevated PI, the ability to compensate is greater as they can increase their SPT to a greater extent. These findings also provide insight into possible non-surgical treatment as patients with symptomatic FAI commonly complain of lumbar-sacral and sacroiliac joint pains. 49 For example, in order to increase the SPT, reduce the accompanying anterior pelvic tilt and reduce supero-anterior femoral head coverage, core strengthening of hamstrings, anterior abdominal muscles and gluteus maximus, while stretching of psoas, rectus femoris, and erector spinae should be advised.
Regression and ROC Analyses
The regression and ROC analyses showed that the femoral morphology should not be taken in isolation and clearly illustrates the value of both the acetabular and spino-pelvic morphologies. The ROC analyses allowed us to determine optimum threshold values (Table 6) ; hips satisfying three out of the five thresholds had 78% sensitivity and 69% specificity of predicting a symptomatic hip with cam morphology. Such values are not very high, they do however show the significance of the interaction. A high PI is associated with increased risk of spinal pathology and abnormal spino-pelvic movements. 50 The latter has also been identified in patients with FAI, with a greater degree of anterior pelvic tilt in various static and dynamic assessments. 11, 12, 51 Such pelvic position leads to increased femoral head coverage anteriorly, further increasing impingement risk. Our findings are contrary to those of Weinberg et al. 30 and Hellman et al. 29 both of which showed lower PI was associated with cam morphology. However, Weinberg et al. 30 re-assembled the studied skeletons and included cases of isolated pincer-FAI, whereas Hellman et al. 29 looking at various types of FAI (cam, pincer, acetabular retroversion) used only two-dimensional imaging analysis with their associated limitations.
Limitations
This study has a number of limitations. It is a retrospective assessment of prospectively collected data and hence suffers from all inherent limitations of such design. Secondly, the analysis did not include the femoral morphological factors or other angles used for lower limb sagittal balance (Sacro-Femoral or Knee flexion Angles). Furthermore, all imaging obtained was in the supine position and hence any sagittal alignment angle measurements would be Area under the curve an indication of predictive power; a perfect predictor has a value of 1, whereas a predictor no better than random chance has a value of 0.5. Optimum threshold is the level with the highest combination of sensitivity and specificity.
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GRAMMATOPOULOS ET AL. associated with bias. Thirdly, the measurements were performed based on CT data, which may not be routinely obtained in some clinical set-ups, limiting the clinically applicability of the findings. Fourthly, the majority of the cohort was male, as one would expect from such pathology. Lastly, this study only includes static measurements. As FAI is a dynamic process, further in vivo dynamic assessment (e.g., gait lab) study is necessary in order to quantify the dynamic relationships associated with such static findings. Furthermore, understanding the underlying dynamic parameters may target non-operative treatment measures as described above.
CONCLUSION
In conclusion, these results add to our understanding of c-FAI and highlight the value of introducing novel, advanced analyses of X-ray and CTÀimaging to facilitate diagnosis and understand c-FAI pathomechanics. Symptomatic individuals with cam morphology had a greater amount of supero-posterior coverage; which would be the contact area between cam morphology located at the 1:30 (anterosuperior) position and the acetabulum, when the hip is flexed to 90˚. Furthermore, individuals with symptomatic cam morphology had greater PI and SPT. Therefore, radiological assessment of hip pathology should include the review of spino-pelvic parameters; this could be done either radiographically, or by CT of the entire pelvic ring with multiplanar reconstructions, instead of imaging the hip of interest only. Because of the association between a high PI 4, 28 and an increased risk of hip OA (also shown to be increased with c-FAI), the relationship between the PI and FAI should be taken into consideration in prospective longitudinal studies looking at factors influencing the formation of cam morphology as well as those at risk of developing symptoms and degenerative changes.
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